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Flame turbulence interaction (∆˜c) is an important term for modelling scalar dissipation (ε˜c) in premixed
turbulent combustion. In order to obtain an accurate representation of the flame turbulence interaction phe-
nomenon, an evolution equation for ∆˜c has recently been proposed. This equation gives a detailed insight into
the flame turbulence interaction phenomenon and provides an alternative approach to model the important
physics represented by ∆˜c. In this paper the ∆˜c evolution equation is used to model a premixed propane-air
flame stabilised in a turbulent mixing layer. The simulations are carried out in the context of a Reynolds Av-
eraged Navier Stokes (RANS) framework and the results are compared with the experiments and also with
the Large Eddy Simulation (LES). It is found that the modelling strategy involving the ∆˜c evolution equation
gives good approximations for the mean velocities and flame locations in the mixing layer stabilised flame
when compared with other modelling strategies.
Keywords: Flame turbulence interaction,Turbulence scalar interaction, Scalar dissipation, RANS
modelling of strained premixed flames, Premixed turbulent combustion
1. Introduction
Obtaining an accurate and robust closure for the mean reaction rate in turbulent premixed
reacting flows is challenging, and usually requires statistical methods. The total aerother-
mochemistry of the flow can be described entirely via a Probability Density Function
(PDF) or, alternatively, statistical analysis may be limited to the fluid’s composition. In
the former approach, a multi dimensional PDF can in principle be calculated by using
a PDF transport equation [1, 2]. This procedure circumvents a number of modelling as-
sumptions and consequently produces quite general reaction rate models; its principal
weakness stems from the modelling required to describe processes such as molecular dif-
fusion. Another method known as the Conditional Moment Closure (CMC) [3] also exists.
Recently this method has enjoyed some success for modelling premixed flames [4, 5], but
more work is needed to make this approach robust for premixed combustion. One of the
major problems associated with the CMC approach is the modelling of conditional scalar
dissipation rate in premixed flames [6].
In many chemical reactions with high Damko¨hler number, the problem of closing the
reaction rate is usually simplified under the thin flamelet assumption, according to which
the reaction zone is assumed to be thin compared to the Kolmogorov length scale [7, 8]. In
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the thin flamelet approach the flame is assumed to consist of a very thin sheet separating
products from reactants, and whose local structure is that of a laminar flame [7, 9]. All
of the effects of the combustion chemistry and related transport effects are limited to the
interface, and thus it becomes possible to approximate the thermochemistry via a single
Presumed Probability Density Function (PPDF) of a reaction progress variable (denoted
by c and usually defined as a normalised scalar mass fraction), comprising a double delta
function representing the unburnt and burnt mixtures [10, 11]. This approximation leads to
simple and elegant closures for a number of turbulence related terms. Using the flamelet
assumption and PPDF framework, several approaches are available in the literature to
close the reaction rate and include; the G-equation [12]; laminar flamelets [13, 14]; flame
surface density models [15, 16] and scalar dissipation rate based approaches [17]. Two
approaches are widely used under the thin flamelet assumption, namely the flame surface
density (Σ) approach and the scalar dissipation (ε˜c) approach. In premixed combustion,
the scalar dissipation rate and the flame surface density are algebraically related to each
other [18]. The scalar dissipation in premixed combustion represents the average rate at
which hot products and cold reactants mix on the flame surface to sustain combustion
[19], while the flame surface density represents the flame surface area per unit volume
[20]. In this study both of these approaches are used.
The aim of this study is to asses the performance of the newly proposed flame turbu-
lence interaction transport equation of Ahmed et al [21] and compare it with different
modelling strategies for closing flame turbulence interaction including the algebraic mod-
els proposed by Kolla et al [22], Vervisch et al [23] and the flame surface density based
approach. A rearward facing step of Pitz and Daily [24, 25] is chosen as a test configura-
tion for this study.
The paper is organised as follows; in the next section we briefly describe the mathemat-
ical background for combustion models. The test case being studied and the numerical
procedure used for the calculations is described in section 3, followed by the discussion
of the results obtained from the simulations. Finally the conclusions are summarised in
the last section.
2. Mathematical background for reacting flow calculations
In this paper a transport equation for the Favre averaged progress variable c˜ is solved along
with the variance of the progress variable c˜
′′2, and the relevant fluid dynamic equations.
The progress variable can be described in terms of scalar mass fraction or temperature,
here it is defined in terms of fuel mass fraction (YF) as :
c≡ YF −YFR
YFP−YFR , (1)
where the subscripts R and P denote the reactant and product side of the flame respectively.
A transport equation for the Favre averaged progress variable can be written as :
∂ρ c˜
∂ t
+
∂ρ u˜ic˜
∂xi
=−∂ρu
′′
i c
′′
∂xi
+ ω˙c, (2)
where closures for the mean reaction rate (ω˙c) and the turbulent transport (ρu
′′
i c
′′
) are
needed (double primes denote the Favre fluctuations). The transport equation for the vari-
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ance of the progress variable is :
∂ρ c˜
′′2
∂ t
+
∂ρ u˜ic˜
′′2
∂xi
=−∂ρu
′′
i c
′′2
∂xi
−2ρε˜c−2ρu′′i c′′
∂ c˜
∂xi
+2c
′′
ω˙c. (3)
In this study turbulent transport in the above transport equations is modelled by a gradient
diffusion model, despite the fact that countergradient diffusion may occur in premixed
flames of practical interest [26]. The reasoning behind the model choice is twofold: (1)
the uncertainty associated with closures embodying countergradient effects introduce ad-
ditional uncertainty into the calculations, and typically have only small additional benefit
for lower levels of turbulence intensities [27, 28], and; (2) the behaviour of the flame turbu-
lence interaction model and its effect on the reaction rate closure (which is the main focus
of the current work) can be studied by using the gradient diffusion approach [22, 29]. As
mentioned before the source term in eq. (1) can be closed in terms of ε˜c and Σ. In the ε˜c
approach ω˙c is closed as [17]:
ω˙c ⋍
2
2Cm−1ρε˜c, (4)
where ε˜c is the scalar dissipation
(
ρε˜c = ρα
(
∇c
′′
∇c
′′))
, α represents the diffusivity of
the progress variable andCm is a model constant with a value of 0.7 in hydrocarbon flames.
While in the Σ approach the ω˙c is closed as [17]:
ω˙c ⋍ ρRu
0
LΣ. (5)
The source term in eq. (3) is closed as [17]:
ω˙
′′
c c
′′
= (Cm− c˜)ω˙c. (6)
In the above equations the problem of modelling the reaction rate has been reduced to
that of modelling either the scalar dissipation rate or the flame surface density. There are
several approaches available in the literature to close ε˜c and Σ; some of these approaches
are discussed in the following subsections.
2.1 Scalar dissipation rate transport equation
A transport equation for ε˜c has been proposed by Swaminathan and Bray, which under
joint assumptions of high Reynolds (Re) and Damko¨hler (Da) numbers can be written as
[30]:
ρ
Dε˜c
Dt
= T11+T2+T32+T4−D2. (7)
Each of the terms on the right hand side of eq. (7) represent a particular physical process.
Term T11represents the turbulent transport of ε˜c. T2 represents the effects of dilatation due
to density gradients caused by heat release. T32 represents the effects of flame turbulence
interaction. T4 represents the effects of reaction rate and D2 represents the molecular dif-
fusion/dissipation effects in ε˜c transport equation. The exact expressions for the terms on
the right hand side of eq. (7) are given in appendix-A.
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Term T11 in eq. (7) is closed by using a gradient diffusion model. Term T2 representing
dilatation is closed as [22]:
T2 ≈ 2K∗c ρε˜c
(
u0L
δ 0L
)
, (8)
where K∗c ≈ 0.85τ (τ is the heat release parameter τ = (TP− TR)/TR) for hydrocarbon
flames, and u0L and δ
0
L represent the unstrained laminar flame speed and the thermal flame
thickness respectively. The combination (T4−D2) containing the reaction rate and dissi-
pation effects is closed as [31]:
T4−D2 ≈−β ′ρ ε˜
2
c
c˜
′′2
, (9)
where β
′ ≈ 6.7 and c˜′′2 is closed by using the variance transport equation in eq. (3). It has
been found in earlier studies that terms T2 and T4−D2 have robust closures and perform
well over a range of different Reynolds and Karlovitz numbers [22, 31–33], while term T32
poses a problem at higher Reynolds and Karlovitz numbers as the existing closures either
under predict or over predict the value for different Reynolds numbers [33, 34]. Hence a
robust closure for T32 is needed for accurate modelling of scalar dissipation. Here T32 is
defined as :
T32 =−2ρ∆˜c, (10)
where ∆˜c is the flame turbulence interaction. In this paper we test two closure strategies for
∆˜c, one approach is to close ∆˜c algebraically and the other approach is to use a modelled
transport equation. Both of these modelling strategies are briefly discussed in the next
subsections.
2.1.1 Algebraic model for flame turbulence interaction
An algebraic model for flame turbulence interaction has been proposed by Kolla et al
[22]. The model is constructed on the assumption that the flame turbulence interaction is
controlled by the competition between turbulent and chemical time scales, and is written
as [22]:
∆˜c ≈−1
2
[C3− τC4Da∗L]
(
ε˜
k˜
)
ε˜c. (11)
C3 andC4 in eq. (11) are scaling factors for the model and are defined as [14]:
C3 = 1.5
( √
KaL(
1+
√
KaL
)) and C4 = 1.1
(1+KaL)
0.4
, (12)
where KaL is the local Karlovitz number and is calculated as :
KaL = (u
′
/u0L)
3/2(δL/lt)
1/2. (13)
In eq. (13) δL is the flame diffusion thickness δL = δ
0
L/(2(1+ τ)
0.7) [35]. Da∗L in eq. (11)
represents the effects of local Damkho¨ler number based on the flame thermal thickness
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[22, 32]:
Da∗L =
u0L/δ
0
L
ε˜/k˜
. (14)
u
′
and lt in eq. (11) are defined as :
u
′
=
√
2k˜
3
and lt =
u
′3
ε˜
, (15)
where k˜ and ε˜ are calculated from the turbulence model being used in the simulation. The
model in eq. (11) is referred to as FTI algebraic model in the following sections.
2.1.2 Flame turbulence interaction transport equation
A transport equation for flame turbulence interaction has recently been proposed by
Ahmed et al [21]. This equation provides insight into the physical mechanisms which con-
trol flame turbulence interaction. In the same sense as scalar dissipation transport equation
(eq. (7)) a transport equation for ∆˜c can be derived; the transport equation under joint as-
sumptions of high Re and Da numbers can be written as [21]:
ρ
D∆˜c
Dt
=−∂ρu
′′
i ∆
′′
c
∂x j
+D f +F1+FD+FTs. (16)
In eq. (16), D f represents the diffusion/dissipation process due to molecular effects. F1
represents the influence of the reaction rate and the pressure Hessian on ∆˜c. FD represents
the influence of dilatation due to heat release and FTS represents the influence of turbulent
straining. Note that in the ∆˜c transport equation there is a competition between turbulent
and chemical time scales along with a competition between diffusion/dissipation, reaction
rate and pressure Hessian terms. The exact expressions for the terms on the right hand side
of eq. (16) are given in appendix-A.
Turbulent transport of ∆˜c is closed by using the gradient diffusion hypothesis. The com-
bined effects of reaction rate, diffusion/dissipation and pressure Hessian
(
D f +F1
)
are
closed as [21]:
D f +F1 ≈Caρ ∆˜
2
c
ε˜c
. (17)
The turbulent straining effects represented by term FTS are closed as [21]:
FTS ≈Cbρ ε˜
k˜
∆˜c. (18)
The effects of dilatation represented by term FD are closed as [21]:
FD ≈CcDaLρ∆˜cτ u
0
L
δL
. (19)
where u0L is the unstreached laminar flame speed, δL is the flame diffusion thickness. In
the above equationsCa,Cb andCc are scaling factors for the models and are listed in table
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1. These scaling factors have been developed and validated in a previous DNS study by
Ahmed et al [21]. The quantities Relt , KaL and DaL in table (1) and eq. (17) - eq. (19)
are the turbulent Reynolds number, local Karlovitz number and local Damko¨hler number
based on flame diffusion thickness respectively. KaL is calculated by using eq. (13), while
Relt and DaL are calculated as :
Relt =
u
′
lt
νR
, DaL =
u0L/δL
ε˜/k˜
. (20)
νR in eq. (20) is the kinematic viscosity of the reacting mixture. u
′
and lt in the above
equations are calculated by using eq. (15). This model is referred to as FTI transport
model in the following sections.
2.2 Algebraic scalar dissipation models
Algebraic models for scalar dissipation can be obtained from the leading order terms of
the ε˜c transport equation [30]. Kolla et al [22] have proposed a model by using the closures
of the leading order terms in the scalar dissipation transport equation as:
ε˜c ≈
(
2K∗c
u0L
δ 0L
+C3
ε˜
k˜
− τC4Da∗L
ε˜
k˜
)
c˜
′′2
β
′ , (21)
where the model constants are the same as defined in section 2.1. c˜
′′2 in eq. (21) is closed
by using the variance transport equation in eq. (3). This model is referred to as algebraic
SDR 1 model in the following sections.
The scalar dissipation rate can also be closed algebraically in terms of flame surface
density as proposed by Vervisch et al [23]:
ε˜c ≈ (1+ τ c˜)
2
(2Cm−1)u0LΣ
(
c˜
′′2
c˜(1− c˜)
)
, (22)
where Σ is the flame surface density and embodies the combined effects of flame turbu-
lence interaction, and the remaining terms represent the combined effects of dilatation and
reaction rate. c˜
′′2 in eq. (22) is closed by using the variance transport equation in eq. (3).
The closure for flame surface density is explained in the next sub section. This model is
referred to as algebraic SDR 2 model in the following sections.
2.3 Closure for flame surface density
In order to close the reaction rate via eq. (5) and scalar dissipation via eq. (22) a closure
for flame surface density is needed. In this paper the flame surface density is closed by the
most common form of the closed transport equation for Σ as [29, 35]:
∂Σ
∂ t
+
∂ u˜iΣ
∂xi
=
∂
∂xi
(
νt
σΣ
∂Σ
∂xi
)
+α0
ε˜
k˜
Σ︸ ︷︷ ︸
a
−β0 〈sc〉s
Σ
2
1− c˜︸ ︷︷ ︸
b
, (23)
where α0 and β0 are model constants and generally take values of 1.7 and 1.0 respectively
[36]. Terms a and b in eq. (23) represent the effects of tangential straining and flame
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curvature, respectively, and 〈sc〉s ≈ u0L (to first order) represents the consumption speed
[35]. Term b in eq. (23) is introduced to mitigate the infinite flame growth driven by the
generally positive tangential strain rate contribution [35]. The model using eq. (5) and eq.
(23) is referred to as FSD model in the following sections.
3. Test configuration and numerical procedure
The experiments performed by Pitz and Daly [24, 25] are considered in this paper. The
case under consideration is a propane-air premixed flame with an equivalence ratio (φ) of
0.57. A sketch of the experimental configuration can be seen in figure 1. The experiment
consists of a rectangular premixing region followed by a smooth contraction to one-half
of its height (not shown in figure 1). There follows a step expansion into the combustion
region and a quenching water spray filled converging exit region. Note that in the simula-
tions, the smooth contraction at the inlet is omitted, as there is no data available for it and
no attempt is made to represent the effects of the spray at the exit. However the converg-
ing exit region is simulated in order to move the outlet boundary condition sufficiently
far from the recirculation region. The flame is stabilised in a turbulent-free shear layer
formed at the backward facing step. The mean inlet values for the bulk velocity, pressure
and temperature are given in table 2. The Reynolds number based on bulk velocity and
step height is Re = 22100. The experimental measurements were performed using Laser
Doppler Velocitmetry (LDV) gas analysis and schileren imaging techniques with a mea-
surement error of approximately 0.1%−0.4% for mean velocities [24]. Further details of
the experiment and measuring techniques used can be found in [24, 25]. This test case has
been previously studied by Weller et al [37] (using flame wrinkling model) and Fureby
[38] (using the newly proposed homogenisation based method) via Large Eddy Simula-
tion (LES) and by Tangermann et al [39] (using a modified flame surface density model)
via both Large Eddy Simulation (LES) and Reynolds Averaged Navier Stokes (RANS)
approaches. This case represents a dump combustor configuration in gas turbine engines.
The calculations for this work have been performed using the unstructured finite vol-
ume code, Code−Saturne [40] (see: www.code-saturne.org). This code has previously
been used by Jarrin et al [41] for isothermal flow simulations and by Dong et al [42] for
reacting flow calculations. The code solves the Navier Stokes equations for Newtonian
incompressible flows with a fractional step method based on a prediction-correction al-
gorithm for pressure/velocity coupling (SIMPLEC) and a Rhie and Chow interpolation to
avoid pressure oscillations. The code uses second order central differencing scheme for
spatial gradients; the time integration is done by an Euler explicit scheme. The time steps
during the simulations are set to achieve a maximum CFL number of 0.4 for stability
of the solution. The simulations are run until a statistically steady flow (all the statistics
are invariant under a shift in time) is achieved. Dirichlet conditions are used at the in-
let for all variables except pressure, for which a zero Neumann condition is applied. At
the outlet all the variables are treated with a zero Neumann condition except pressure for
which a Dirichlet condition is used. A no-slip condition is applied to the velocity at the
walls along with appropriate wall treatment, while all the scalars are treated with zero
Neumann conditions. Symmetry conditions are used in the transverse direction. Similar
boundary conditions have been used in the earlier study of Weller et al [37] for the same
rearward facing step.
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4. Results and discussion
4.1 Isothermal flow calculation
In order to establish the accuracy of the turbulence models in a cold flow configuration,
isothermal flow calculations are performed. Initially the simulations are performed with
the standard k−ε model proposed by Jones and Launder [43] and also with the k−ω SST
model proposed by Menter [44]. The details of the turbulence models used in this study
are given in appendix-B. The computational grids used for the k−ε and k−ω SSTmodels
are shown in figures 2a and 2b respectively. Note that the k−ε model uses a standard wall
function near the walls and requires a y+ of 30 at the wall, while the k−ω SSTmodel does
not require a wall function, and a y+ of 1 at the wall is needed. Mesh sensitivity studies
have been carried out and the two meshes shown in figure 2 give mesh independent results.
The mesh for k− ε model requires 20000 cells while the mesh for k−ω SST model is
25000 cells. Velocity and turbulence intensity profiles for the simulations are taken from
the experiment of Pitz and Daily [24, 25] and are shown in figure 3. The integral length
scale at the inlet is specified as lt ≈ 0.0254m.
Both the k− ε and k−ω SST models predict similar flow velocities in this case as
shown in figure 4. There is a slight disagreement of the velocity in the recirculation re-
gion, causing a small discrepancy in the predicted flow velocity further downstream of the
backward facing step. This behaviour of the turbulence models is expected, as it is well
known that these models tend to produce erroneous results for the prediction of separation
regions [45, 46]. Figure 5 shows the velocity contours for both of the turbulence models
used. It can be seen in figure 5 that the size of the recirculation bubble predicted by the
k−ε and the k−ω SST models is xr/h≈ 6.7 and xr/h≈ 7.4 respectively. The size of the
recirculation bubble predicted by both models is slightly wrong when compared with the
experimental value of xr/h ≈ 7.0. These results are consistent with those of Furbo [47]
for this geometry and Klein et al [48] for a generic backward facing step. In these earlier
studies it has been shown that the two equation model with wall functions tend to perform
well when compared with other turbulence models (including second moment closures).
Here the performance of the standard k− ε model with wall functions is considered to be
satisfactory. Hence the standard k−ε model is used for the reacting flow simulations, due
to the smaller mesh size and lower computational costs associated with it.
4.2 Reacting flow calculation
In order to compare the performance of the combustion models presented in section 2,
reacting flow simulations of the mixing layer have been performed. In the reacting case,
the incoming fluid contains cold premixed reactants, which mix with the hot products
in the shear layer formed behind the backward facing step and subsequently burn. The
shear layer effectively anchors the flame to the backward facing step. The unstrained
laminar flame speed (u0L) used for the propane air mixture at φ = 0.57 and T0 = 293K is
0.09m/s [49, 50] and the kinematic viscosity of the reacting mixture (νR) is specified as
2.183×10−5m2/s. The flame thermal thickness in the simulations is calculated as [51]:
δ 0L =
νR
u0L
×2(1+ τ)0.7.
Due to the presence of the walls a special treatment for the SDR1, SDR2 and FSD
models is needed, as these models predict reaction in the boundary layer formed at the top
wall. In order to rectify this problem we use the quenching model proposed by Catlin and
Lindstedt [52]. This model suppresses the reaction rate if the progress variable falls below
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a quenching value c˜q, which in case of adiabatic conditions corresponds to a quenching
temperature Tq = c˜q (TP−TR)+ TR. In the calculations the reaction is suppressed if the
temperature falls below Tq. Several values for Tq have been tested and it is found that
a value of 300K results in no reaction in the boundary layer at the top wall. Hence a
value of 300K is used for Tq in the SDR1, SDR2 and FSD models. A similar strategy for
suppressing the reaction rate has been adopted by Tangermann et al [39] in their study of
the same backward facing step. Note that the models based on ε˜c transport equation do
not require such treatments as they account for flow history effects on the evolution of ε˜c
via the ε˜c transport equation. Thus accounting for fluid mechanics effects on the reaction
rate, and do not predict high reaction rate near the walls.
In the reacting case the length of the recirculation zone is shorter than in the cold flow
case, as seen in figure 6. The length of the recirculation zone predicted by the FSD, SDR1,
SDR2, FTI (algebraic) and FTI (transport equation) models is xr/h ≈ 4.1, xr/h ≈ 4.4,
xr/h≈ 4.2, xr/h≈ 4.6 and xr/h≈ 4.5 respectively. The recirculation length predicted by
the SDR1, FTI (algebraic) and FTI (transport equation) models is in good agreement with
the experimental value of xr/h≈ 4.5.
It can be seen from figure 7 that the SDR1, SDR2 and FSD models predict higher
velocities near the recirculation region at x/h= 1 and x/h= 3 when compared with both
of the FTI models, LES and experimental data. This is due to the higher reaction rate
predicted by the models in these regions as shown in figures 8 and 9. In case of the FSD
and SDR2 models the higher reaction rate prediction is due to the dependence of the Σ
transport equation on k˜ and ε˜ , which are used to model the turbulent time scales. Hence
ω˙c → ∞ as k˜→ 0 at the wall. Similarly in case of the SDR1 model the ratio ε˜/k˜ is high
near the wall, thus leading to high reaction rates in those regions. As mentioned before
the FTI (algebraic) and the FTI (transport equation) models do not have these problems
due to the inclusion of flow history effects through the ε˜c transport equation. Thus leading
to very small contributions from terms containing ε˜/k˜ in the near wall regions for ε˜c and
∆˜c transport equations.
Both FTI models under predict the recirculation velocity at x/h = 1 in figure 7. This
behaviour is expected as the k−ε model tends to under predict the velocity in recirculation
regions due to its poor performance in regions of rapid straining and strong shear [46, 48].
The performance of SDR1, SDR2 and FSD models improves at x/h = 5, although there
is a small discrepancy between y/h = −0.5 and y/h = 0 as shown in figure 7c, while
the FTI algebraic model tends to under predict the velocity at x/h = 5 between y/h = 0
and y/h = −1. Further downstream the SDR1 and FSD models predict higher velocities
while the SDR2 and FTI (algebraic) models tend to under predict the velocity at x/h= 7
between y/h = −1 and y/h = 0 as shown in figure 7d. The variation in the prediction of
mean velocities by different models is due to a difference in the prediction of the reaction
rates at the respective locations as shown in figure 8.
Generally the velocity profiles predicted by the FTI (transport equation) model are in
good agreement with the experimental data, and the predicted velocity profiles improve
as the distance from the stabilisation region increases. FTI transport equation yields bet-
ter results away from the rearward facing step when compared with other models, as it
explicitly includes the strain rate and its flow history effects through the inclusion of the
source term (pressure Hessian in term F1 of eq (16)) for the strain rate transport equation.
Figures 8 and 9 show a large variation in the prediction of reaction rates from different
models at several locations downstream of the rearward facing step. These variations can
be explained by differences in the underlying assumptions for different models. As men-
tioned earlier the high reaction rate predictions near the walls (figure 8a) from SDR1 and
SDR2 models are due to the dependence of models on k˜ and ε˜ and also due to the lack of
flow history effects on the evolution of ε˜c. Furthermore for models relying on Σ transport
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equation (SDR2 and FSD) a higher reaction rate can be predicted in these regions due to
an infinite growth of term a in eq. (23) as it always produces Σ, which is not always the
case as the flame induced turbulence scalar interaction can desroy the flame due to local
changes in the alignment of the strain rate with respect to the flame gradients [53]. Both
the FTI (algebraic) and FTI (transport equation) predict similar reaction rates in the im-
mediate wake of the back ward facing step at x/h= 1 and x/h= 3 as shown in figures 8a
and 8b. Further downstream at x/h= 5 and x/h= 7 the reaction rate prediction from the
FTI (transport equation) model increases while the FTI (algebraic) model tends to predict
a constant reaction rate as shown in figures 8c, 8d, 9d and 9e. An increase in the reaction
rate in these regions is expected in the light of earlier results of Fureby [38] as regions of
intense turbulence are bounded by the shear layer which widens as the distance from the
step increases, thus leading to a much wider reaction zone. In order to quantify the dif-
ference between different models, percentage difference for the predicted peak reaction
rate between the FTI (transport equation) and the other models is reported in table 3 for
several locations downstream of the backward facing step.
A Schlieren photograph of the reacting flow from the experiment is presented in figure
9f. The brightest areas indicate the highest temperature gradients, which implies highest
reaction rate regions. Figures 9a, 9b, 9c, 9d and 9e show the reaction rate predicted by
FSD, SDR1, SDR2, FTI (algebraic) and FTI (transport equation) models respectively. In
figure 9e, the predicted flame location given by the FTI transport equation is similar to
that of the experiment, while the other models tend either to predict the reaction rate in
the wrong location or under predict the reaction rate. This can be further validated by the
comparison of Reynolds averaged progress variable from the simulations against the LES
and experimental data as shown in figure 10. In this comparison theCO2 mixture fraction
is chosen as the progress variable from the experiment because it is identified as one of
the deficient reactants as discussed by Cant et al [54]. The Reynolds average progress
variable from the simulation is calculated as [55]:
c= c˜+
τ c˜
′′2
1+ τ c˜
. (24)
It can be noticed in figure 10 that the agreement between the predicted and the experimen-
tal values improves in case of FTI (transport equation) as the distance from the backward
facing step increases. While the SDR1, SDR2 and FTI algebraic models yield similar re-
sults for the progress variable further downstream of the backward facing step at x/h= 3.5
and x/h= 5.4. The FSD model leads to slightly different results away from the backward
facing step (x/h = 3.5 and x/h = 5.4) when compared with the other models, as it does
not include the transport equation for c˜
′′2 and the variance of the progress variable takes
the classical Bray Moss Libby (BML) form c˜
′′2 = c˜(1− c˜).
4.2.1 Overall assessment of models
In the light of the current calculations it is found that the numerical implementation for
the FTI (transport equation) is the most difficult, when compared with other modelling
approaches (FTI (algebraic), SDR1, SDR2 and FSD). The SDR1 model is the easiest to
implement, where as SDR2, FSD and FTI (algebraic) models require several transport
equations to close the models and are more difficult to implement. Generally the imple-
mentation of a model becomes difficult as the number of transport equations required to
close the model increase. FTI (transport equation) requires closures for higher moments
which are not easy to close when compared to the other models. Overall all the models
tested in this study perform reasonably well for predicting the trends for mean velocities
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and flame locations. The FTI (transport equation) does improve the results at some lo-
cations in the flow field when compared with other models in this study. More tests are
needed to explore the predictive capabilities of the FTI modelling approach.
5. Summary and conclusions
In this study different models for flame turbulence interaction (FTI) have been compared.
These include algebraic model for FTI proposed by Kolla et al [22](FTI algebraic model),
FTI transport equation proposed by Ahmed et al [21](FTI transport model), the flame
surface density (FSD) based approach and algebraic models for scalar dissipation (ε˜c)
proposed by Kolla et al [22](SDR1) and Vervisch et al [23](SDR2). The performance of
these models is tested on a propane-air premixed flame with an equivalence ratio (φ) of
0.57 stabilised in a mixing layer. The results are compared with the experimental results
of Pitz and Daily [24, 25] and Large Eddy Simulation (LES) results of Weller et al [37].
Initially isothermal simulations with the standard k− ε and k−ω SST models are per-
formed for the backward facing step configuration. It is found that both the turbulence
models predict similar flow fields and the model performance is satisfactory for further
modelling of the reacting flow.
The standard k− ε model with wall functions is then used for testing flame turbulence
interaction closures. It has been found that the SDR1, SDR2 and FSD models require
a treatment for non-physical reaction rate prediction in the boundary layer regions near
walls. Where as the models based on scalar dissipation transport equation do not require
such treatments. This is due to the inclusion of the flow history effects of the scalar dissi-
pation through its transport equation.
It is found that SDR1, SDR2 and FSD models yield similar results apart from the lo-
cations far downstream of the backward facing step. While the FTI (algebraic) and the
FTI (transport equation) models predict similar results in the near wake region of the
backward facing step. Further downstream all the models apart from the FTI (transport
equation) deviate from the LES and experimental data. Better performance of the flame
turbulence interaction transport equation in the downstream locations when compared
with other modelling techniques is attributed to explicit inclusion of the strain rate and
its flow history effects in the modelling strategy. Further tests for the flame turbulence
interaction transport equation for higher Reynolds and a range of Karlovitz numbers are
needed to confirm the model performance across a rage of combustion conditions. This
forms part of the ongoing work.
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Appendix-A
Scalar dissipation transport equation
Terms on the right hand side of the scalar dissipation transport equation (eq. (7))
T11 =−∂ρu
′′
i εc
∂xi
, (25)
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T2 = 2ρεc
∂ul
∂xl
, (26)
T32 =−2ρα
 ˜∂c′′
∂xi
S
′′
i j
∂c
′′
∂x j
 , (27)
T4 = 2
(
α
∂c
′′
∂x j
∂ω˙
′′
c
∂x j
)
, (28)
D2 = 2ρ
(
α
∂ 2c′′
∂xi∂x j
)2
. (29)
Flame turbulence interaction transport equation
Terms on the right hand side of the flame turbulence interaction transport equation (eq.
(16))
D f =−2ραα ∂
∂xn
(
∂c
′′
∂x j
)
∂
∂xn
(
∂c
′′
∂xi
S
′′
i j
)
−2ραα ∂
∂xn
(
∂c
′′
∂xi
∂c
′′
∂x j
∂
∂xn
S
′′
i j
)
−2ραα ∂
∂xn
(
∂c
′′
∂x j
S
′′
i j
∂
∂xn
(
∂c
′′
∂xi
))
+α
∂c
′′
∂xi
∂c
′′
∂x j
∂
∂xn
(
∂τ
′′
in
∂x j
)
. (30)
F1 = 2α
∂c
′′
∂xi
S
′′
i j
∂ω˙
′′
c
∂x j
−α ∂c
′′
∂xi
∂c
′′
∂x j
∂
∂xi
(
∂ p
′
∂x j
)
. (31)
FD = 2ρα
︷ ︸
∂c
′′
∂xi
S
′′
i j
∂c
′′
∂x j
∂u
′′
l
∂xl
−2ρα
︷ ︸
∂c
′′
∂x j
∂u
′′
l
∂xl
︷ ︸
∂c
′′
∂xi
S
′′
i j+α
∂ρ
∂x j
∂ p
′
∂xi
∂c
′′
∂x j
∂c
′′
∂xi
1
ρ
−α ∂ρ
∂x j
∂τ
′′
in
∂xn
∂c
′′
∂xi
∂c
′′
∂x j
1
ρ
. (32)
FTS = ρα
︷ ︸
∂c
′′
∂xi
S
′′
i j
∂c
′′
∂xn
∂u
′′
n
∂x j
+2ρα
︷ ︸
∂c
′′
∂xn
∂u
′′
n
∂x j
︷ ︸
∂c
′′
∂xi
S
′′
i j−ρα
︷ ︸
∂c
′′
∂xi
∂c
′′
∂x j
∂u
′′
n
∂x j
∂u
′′
i
∂xn
+ρα
︷ ︸
∂c
′′
∂xi
∂c
′′
∂x j
︷ ︸
∂u
′′
n
∂x j
∂u
′′
i
∂xn
(33)
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Appendix-B
The turbulent flow filed is simulated by using two turbulence models. Some details of the
turbulence models are given below.
k− ε model
The most common form of the model developed by Jones and Launder [43] is used here.
The transport equations used in k− ε model are :
∂ρ k˜
∂ t
+
∂ρ u˜ik˜
∂xi
=
∂
∂x j
[(
µ +
µt
σk
)
∂ k˜
∂x j
]
+ρPk−ε −ρε˜, (34)
∂ρε˜
∂ t
+
∂ρ u˜iε˜
∂xi
=
∂
∂xi
[(
µ +
µt
σε
)
∂ ε˜
∂xi
]
+Cε1ρ
ε˜
k˜
Pk−ε −Cε2ρ ε˜
2
k˜
, (35)
where
Pk−ε =−ρ u˜′′i u′′j
∂ u˜i
∂x j
. (36)
The turbulent viscosity µt is calculated as :
µt =Cµρ
k˜2
ε˜
(37)
The model constantsCµ ,Cε1 and Cε2 in eq.(34) and eq.(35)are given in table(4).
k−ω SST model
The standard k−ω SST model proposed by Menter [44] is also used for comparison. It
blends the k−ω formulation in the boundary layer and the free stream independence of
the k− ε model in the far field. The governing equations for k−ω SST model are :
∂ρ k˜
∂ t
+
∂ρ u˜ik˜
∂x j
=
∂
∂x j
[(
µ +
µt
σk
)
∂ k˜
∂x j
]
+Pk−ω −β ∗ρω˜ k˜, (38)
∂ρω˜
∂ t
+
∂ρ u˜ jω˜
∂x j
=
∂
∂x j
[(
µ +
µt
σω
)
∂ω˜
∂x j
]
+ργ
∥∥S∥∥2−βρω˜2
+2(1−F1) ρ
σω2ω˜
∂ k˜
∂x j
∂ω˜
∂x j
, (39)
where
Pk−ω = min
(
−ρ u˜′′i u′′j
∂ u˜i
∂x j
,10β ∗k˜ω˜
)
. (40)
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Any coefficient α in this model is calculated from
α = F1α1+(1−F1)α2, (41)
where subscript 1 corresponds to the coefficients in the k−ω model and subscript 2
corresponds to the coefficients in the k− ε model. F1 is the blending function in eq.(39)
defined as:
F1 = tanh
(
arg41
)
, (42)
where
arg1 = min
[
max
( √
k˜
β ∗ω˜y
;
500ν
y2ω˜
)
;
4k˜
σω2CDkωy
2
]
(43)
CDkω = max
(
2ρ
1
σω2ω˜
∂k
∂x j
∂ω˜
∂x j
,10−20
)
. (44)
y in eq.(44) represents the the distance to the nearest wall, and CDkω is the positive part
of the cross diffusion term [44]. The eddy viscosity is calculated as [44]:
µt =
ρ k˜a1
max(a1ω˜;‖S‖F2) (45)
where
∥∥S∥∥=√2Si jSi j (46)
F2 = tanh
(
arg22
)
(47)
arg22 = max
(
2
√
k˜
β ∗ω˜y
;
500ν
y2ω˜
)
(48)
The model constants for the k−ω SST model are given in table 5.
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Ca Cb Cc
−4− 1.9er f(Relt )
er f ((KaL+1)/50)
−3.5− 0.01er f (KaL)
0.01+
√
er f(Relt )
0.01+3.5er f (KaL)
13er f
((
Re3
lt
/17.5
)
+0.01
)
Table 1. Scaling factors for the flame turbulence interaction transport equation [21]
Figure 1. Schematic of the computational domain (h= 0.0254m)
u0(m/s) p0(atm) T0(K)
13.3 1 293
Table 2. Inlet parameters for the simulation
(a) Mesh near the backward facing step for k− ε model, y+ ≈ 30 at
the wall
(b) Mesh near the backward facing step k−ω SST model, y+ ≈ 1
at the wall
Figure 2. Meshs used for different turbulence models
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(a) Mean velocity profile at the inlet for isothermal simulations
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(b) Turbulence intensity profile at the inlet for isothermal simu-
lations
Figure 3. Inlet profiles for isothermal flow simulation [24]
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Figure 4. Isothermal flow velocity profiles
(a) Isothermal flow velocity (u/u0) contours with k− ε model. White line represents u/u0 = 0
(b) Isothermal flow velocity (u/u0) contours with k−ω SST model. White line represents u/u0 = 0
Figure 5. Isothermal flow velocity contours
x/h SDR1 SDR2 FSD (transport equation) FTI (algebraic)
1 −47% −94.0% −93.0% 0.7%
3 −15.7% −40.0% −45.0% 11.0%
5 2.9% 22.7% −11.0% 25.0%
7 14.0% 79.0% 35.5% 39.0%
Table 3. Percentage difference for the maximum reaction rate prediction of FTI transport equation with different models
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(a) FSD transport equation
(b) Algebraic SDR 1
(c) Algebraic SDR 2
(d) FTI algebraic model
(e) FTI transport equation
Figure 6. Reacting flow velocity (u˜/uo) contours with k− ε model. White lines represent u˜/u0 = 0.
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Figure 7. Reacting flow velocity profiles
Cµ σk σε Cε1 Cε2
0.09 1.0 1.3 1.44 1.92
Table 4. Values of the empirical constants in the k− ε model
σk1 σω1 β1 a1 β
∗ κ γ1 σk2 σω2 β2 γ2
1.176 2.0 0.075 0.31 0.09 0.41
β1
β ∗ − κ
2
σω1
√
β ∗
1.0 1.168 0.0828
β2
β ∗ − κ
2
σω2
√
β ∗
Table 5. Model constants for the k−ω SST model
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Figure 8. Reaction rate ω˙c(kg/m
3s) profiles
October 26, 2015 Combustion Theory andModelling Modelling˙flame˙turbulence˙interaction˙in˙RANS˙simulation˙of˙premixed˙turbulent˙combustion
22 REFERENCES
(a) reaction rate ω˙c(kg/m
3s) prediction by using FSD transport equation
(b) reaction rate ω˙c(kg/m
3s) prediction by using algebraic SDR 1
(c) reaction rate ω˙c(kg/m
3s) prediction by using algebraic SDR 2
(d) reaction rate ω˙c(kg/m
3s) prediction by using FTI algebraic model
(e) reaction rate ω˙c(kg/m
3s) prediction by using FTI transport equation
(f) Schileren photograph of the flame with an exposure time of 33ms (from [24])
Figure 9. Flame location and reaction rate in the domain
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Figure 10. Reacting flow progress variable profiles
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